Amyloplast envelope membranes isolated from cultured, white-wild cells of sycamore (Acer pseudoplatanus L.) have been found to contain a Mg2 -ATPase, ranging in specific activity from 5 to 30 nanomoles per minute per milligram protein. This ATPase hydrolyzes a broad range of nucleoside triphosphates, whereas it hydrolyzes nucleoside mono-and diphosphates poorly, if at all. The ATPase activity was stimulated by several divalent cations, including Mg2 , Mn2 and Ca2+, whereas it was not affected by Sr2 , K+, or Na . The Km for total ATP was 0.6 millimolar, and the activity showed a broad pH optimum between 7.5 and 8.0. The ATPase was insensitive to N,N'-dicyclohexylcarbodiimide and oligomycin, but it was inhibited by vanadate. All these characteristics are basically similar to those reported previously for the Mg2+-ATPase of the chloroplast inner-envelope membrane. Likewise, the amyloplast envelope enzyme was shown to be located specifically on the inner envelope membrane. The amyloplast envelope membranes were chemically modifled with a series of unique affinity labeling reagents, the adenosine polyphosphopyridoxals (M Tagaya, T Fukui 1986 Biochemistry 25: 2958-2964. About 90% of the ATPase activity was lost when the envelope membranes were preincubated with 0.1 millimolar adenosine triphosphopyridoxal. Notably, the enzyme was protected completely from inactivation in the presence of its substrate, ATP. In contrast, both adenosine diphosphopyridoxal and pyridoxal phosphate caused much less of an inhibitory effect. This greater relative reactivity of the triphosphopyridoxal analog is similar to that reported previously with Escherichia coli F1 ATPase (T Noumi et al. 1987 J Biol Chem 262: 7686-7692).
maize (26) . Joyard and Douce (11) initially identified and characterized the ATPase in the chloroplast envelope from spinach leaves. It is known that the enzyme is stimulated by Mg2" and Mn2" with equal efficacy and is able to hydrolyze a broad range of nucleoside triphosphates (16, 18) . Its location on the inner membrane of the chloroplast envelope has been established (3, 17, 18, 21) . Although its exact function is unknown, a possible role has been proposed for this ATPase in cation (18, 21) and protein transport into the chloroplast (6, 25, 29) . In contrast, relatively few reports on ATPase activity associated with amyloplast envelope membranes have been published. Although Gaynor and Galston (8) reported the presence of a DCCDinsensitive Mg2+-ATPase apparently associated with the amyloplast envelope from etiolated epicotyls of Pisum sativum, the putative ATPase of the amyloplast envelope has not been well characterized. The aim of our study was to characterize the ATPase ofthe amyloplast envelope for the further understanding of its possible function(s) in this unique plastid-type. In addition, we have established a method for resolving the inner and outer membranes of the amyloplast envelope in order to determine the location ofthe ATPase, and we have found that it is localized on the inner membrane, similar to that in green-leafchloroplasts (3, 17, 18, 21) .
Fukui, Tagaya, and coworkers (24, 30, 31) previously synthesized nucleoside polyphosphopyridoxal compounds and tested their potential affinity for several ATP-binding enzymes such as adenylate kinase and lactate dehydrogenase. The analysis of the modified enzymes indicated that these afflnity labels were exclusively bound to the active site lysyl residue of the enzyme with much higher specificity than that of pyridoxal phosphate. In this study, we also examined and compared PLP, AP2-PL, and AP3-PL with the ATPase of the amyloplast envelope and found that all of them inhibited this inner envelope enzyme, with AP3-PL being the most effective. These inhibitors appear to be potentially useful affinity labels for further identifying the ATP-binding proteins on amyloplast or chloroplast envelope membranes, including the Mg2+-ATPase and/or a putative ADP-ATP translocator.
MATERIALS AND METHODS Plant Material. Sycamore (Acer pseudoplatanus L.) suspension-cultured white-wild cells were grown as described previously (13) . The culture was transferred into new medium every 7 d.
Preparation of Amyloplast Envelope Membranes. Total envelope membranes were prepared from purified intact amyloplasts isolated from protoplasts of 3-d-old cultures as reported previ-ously (20) . The intact amyloplasts were lysed by osmotic shock in a hypotonic solution containing 10 mM Tricine-NaOH (pH 8.0) and 1 mm EDTA (TE buffer). To remove starch, the lysate was centrifuged at 800g for 10 min. The resulting supernatant fraction (5 mL) was layered on top of a density gradient solution containing 5 ml of 0.50 M sucrose and 6 ml of 0.93 M sucrose dissolved in TE buffer. After centrifugation at 72,000g for 1 h in a Beckman SW 27-1 rotor, the envelope fractions which banded at the 0.50/0.93 M sucrose interface were collected and diluted to 0.3 M sucrose with TE buffer. The envelope membranes were sedimented by centrifugation at 11 3,000g for 1 h in a Beckman Type R-50 rotor and finally resuspended in a small volume of 0.3 M sucrose in TE buffer for subsequent analyses.
Resolution of Inner and Outer Envelope Membranes. Purified intact amyloplasts prepared from 200 g fresh weight cells were suspended in 12 ml of 1.1 M sucrose in 10 mM Tricine-Tris (pH 7.5) containing 0.4 mm phenylmethylsulfonylfluoride (TP buffer) and preincubated on ice for 1 h. Next, the amyloplasts were ruptured by three freeze-thaw cycles, and 6 ml of broken amyloplasts were overlaid with 10 ml of a linear sucrose gradient solution (0.1-1.0 M) dissolved in TP buffer. The envelope membranes (ca. 800 ,g protein) were isolated by flotation centrifugation at 113,000g for 14 h at 4°C in a Beckman SW 27-1 rotor. The yellow membranes rose to two positions corresponding to densities of 1.08 and 1.12 g/mL. Both fractions were combined and sedimented by centrifugation at 11 3,000g for 1 h. The envelope membranes were then repurified by application to a linear gradient solution of 0.1 to 1.0 M sucrose in TP buffer. After a recentrifugation for 14 h at 11 3,000g and 4°C, the membranes again separated at 2 density positions in the gradient. About 650 ,g protein was recovered in the second gradient. Both fractions were collected and sedimented separately (11 3,000g, 1 h) in a Beckman R-50 rotor.
Enzyme Assay. ATPase activity was assayed by measuring the amount of inorganic pyrophosphate released, using 1 ml of a phosphate kit (Phosphor C Reagent, Wako Chemical Co., Tokyo), after incubation for 30 min at 37°C in 100 ML medium containing 40 mm Tricine-Tris (pH 8.0), 20 mm MgC12, 5 mM Tris-ATP, and envelope membrane (10-20 ug protein). 6-Phosphogluconate dehydrogenase was assayed as described previously (20) .
Acyl-CoA synthetase was assayed by a modification of the procedure described by Andrews and Keegstra (2) (24, 30, 31) . The envelope membranes (30 Mg protein) were incubated with various concentrations (O to 100 Mm) of these reagents in the presence of 100 mM Mops-NaOH (pH 8.0) and 10 mM MgC12 for 20 min at 25°C, and the reaction was terminated by quenching with 10 mM NaBH4 (Sigma). After sedimenting (100,OOOg for 1 h) and resuspending the envelope membranes, the residual ATPase activity was assayed as described above.
Protein Determination. Protein was determined by the method of Lowry (14) using BSA as a standard.
RESULTS
Properties of the Amyloplast Envelope ATPase. ATPase activity was detected in the total envelope-membrane fraction prepared from highly purified (20) (Fig. 1B) , a value similar to that previously reported for the chloroplast envelope Mg2+-ATPase from spinach (Km 0.5 mM [22, 23] ). Table II shows the effect of various inhibitors on ATPase activity. The enzyme was not inhibited by either DCCD or oligomycin. Ammonium molybdate has frequently been used to inhibit nonspecific acid phosphatase activity, and it has also been reported to inhibit the Mg2+-ATPase of the chloroplast envelope (18, 21) . However, the ATPase ofthe amyloplast envelope membrane was only partially inhibited (15%) by up to 1 mm sodium molybdate. The ATPase activity was not significantly inhibited by the calmodulin antagonist trifluoroperazine nor was the activity stimulated by calmodulin plus calcium (data not shown). However, the ATPase was inhibited about 75% by 0.5 mM ammonium vanadate (an inhibitor of plasma membrane H+-ATPase [7, 27] ). Chloroplast envelope ATPase activity has also been reported to be inhibited by vanadate (16, 18, 21, 22) . On the other hand, we have reported previously that H+-ATPase of Golgi membranes from sycamore cells is not inhibited by vanadate (1) .
The substrate specificity ofthe amyloplast envelope ATPase is summarized in Table III . All of the nucleoside triphosphates analysed were hydrolyzed at significant rates, whereas ADP and fructose 6-P were only slightly hydrolyzed, and no detectable phosphate was released from AMP. Although McCarty et al. (18) found that pea chloroplast envelopes were capable ofhydrolyzing PPi, they ascribed this activity to a different enzyme component from the envelope ATPase, since PPi did not inhibit the latter activity. Amyloplast envelope membranes also hydrolyzed PPi at a rate comparable to that when ATP was substrate. However, much higher pyrophosphatase activity was detected in the amyloplast stromal fraction (Table IV) . Therefore, it is possible that the pyrophosphatase activity in the amyloplast envelope membrane preparations is due to contaminating stromal pyrophosphatase. Localization of the ATPase. Table IV shows the intraorganellar localization of the Mg24-ATPase, alkaline pyrophosphatase, and 6-phosphogluconate dehydrogenase activities in the amyloplast. We have found that among the three suborganellar fractions of the sycamore amyloplast, i.e. stroma, envelope, and starch, the Mg74-ATPase activity was confined largely to the envelope membranes. In contrast to the high recoveries ofpyrophosphatase and 6-phosphogluconate dehydrogenase (85%), a rather low recovery of Mg24-ATPase activity in the envelope membrane fraction is presumably due to a lability ofthe enzyme during the preparative The localization of Mg2+-ATPase activity to the inner memi described in the brane of the chloroplast envelope has been well established (3, (16) (17) (18) 21) . However, to date, amyloplast envelopes have not been separated into inner and outer membranes. We have attempted this by preincubating and then freezing-thawing intact amyloplasts in a hypertonic medium (1.1 M sucrose in TP buffer), followed by sucrose density gradient centrifugation (3-5, 12, 18, 21) . Following this protocol, two yellow membrane-fractions, [TPase Activity of one light (density = 1.08 g/mL) and the other heavy (density = anes 1.12 g/ml), were well separated in the gradient. Figure 2 clearly ials and Methods" shows that the Mg2+-ATPase activity is exclusively associated trations. Vanadate with the heavy membrane fraction. Since, acyl-CoA synthetase rane fractions were activity, a marker for chloroplast outer envelope membrane (2), efore initiating the was detected in the lighter fraction (No. 15-20 in Fig. 2 (9. 35 mg protein) was lysed by osmotic shock in a hypotonic solution containing 10 mM TricineNaOH (pH 8.0) and 1 mm EDTA (TE buffer). The lysate was centrifuged at 800g for 10 min. The pellet was kept as starch fraction. The resulting supernatant fraction was centrifuged at 1 13,000g for 1 h to separate the stroma fraction. To obtain the envelope, the pelletable fraction was resuspended and layered on top of a density gradient solution containing 5 mL of 0.50 M sucrose and 6 ml of 0.93 M sucrose dissolved in TE buffer and centrifuged as described in text. The envelope membranes that banded at the 0.50/0.93 M sucrose interface were used for this experiment. Mg2+-ATPase and pyrophosphatase activities were assayed in 10 mM TricineTris buffer (pH 7.8), 20 mm MgC12, and 5 mm Tris-ATP or 5 mM PPi, respectively. The reaction was started by adding 15 gg protein of each fraction. 6-P-Gluconate dehydrogenase was assayed as described in the text. and outer (d = 1.08 g/mL) envelope membranes were separated on a linear sucrose density gradient by the protocol described in the text; 0.6 mL fractions were collected. Recoveries of Mg2+-ATPase and acyl-CoA synthetase activities were about 50% and 80% each ofthe original activity in the unfractionated envelope membranes, respectively. residue(s) at the nucleoside binding sites ofvarious enzymes. The adenosine moiety of these compounds has been shown to considerably enhance the specificity ofthe reactive pyridoxal residue. We have compared PLP, AP2-PL, and AP3-PL with respect to their relative efficacy in chemically modifying the amyloplast envelope Mg2+-ATPase. When sycamore amyloplast envelope membranes were incubated with these compounds and subsequently reduced by NaBH4, the Mg2`-ATPase activity was inhibited by increasing micromolar concentrations of the pyridoxal derivatives (Fig. 3) . About 40% and 90% of the activity was lost when the envelopes were incubated at pH 8.0 for 20 min with 100 Mm AP2-PL and AP3-PL, respectively, whereas PLP was much less effective. Notably, complete protection from inhibition of the amyloplast envelope Mg2"-ATPase by AP3-PL (100 Mm) was observed with 5 mM ATP.
Unfractionated

DISCUSSION
The envelope ATPase from chloroplasts isolated from spinach and pea leaves has been previously characterized, and its location on the inner-envelope membrane has been established (1 1, 16-18, 21, 22, 26) . Recent success in the preparation of intact amyloplasts and envelope membranes from white-wild, suspension-cultured cells of sycamore (13, 19, 20) has enabled us to characterize the envelope ATPase of this unique plastid type.
The ATPase of the amyloplast envelope is clearly not a nonspecific acid phosphatase based on its pH optimum 7.5 to 8.0 (data not shown) and its substrate specificity (Table III) . Its characteristic of utilizing either Mg2e or Mn2" with equal efficiency and its DCCD-insensitivity and broad nucleoside triphosphate specificity (Tables I-III) are quite similar to those of the ATPase from pea chloroplast envelope membranes (16, 18) , as is its sensitivity to vanadate (18) . In contrast, the amyloplast ATPase activity appears to be only slightly sensitive to sodium molybdate, while the pea chloroplast envelope enzyme has been reported to be sensitive to this reagent (60% inhibition by 0.5 mM molybdate) (18) .
A clear difference between the envelope ATPase from spinach versus pea chloroplasts is that the former is stimulated by calmodulin and Ca2+ (22, 23) , whereas the latter is not (16, 17) . By virtue of this property, Nguyen and Siegenthaler (22, 23) (I 1,18 ). These differences in specific activity may reflect the higher metabolic activity of a photosynthetic organelle (chloroplast) in comparison to a nonphotosynthetic plastid type (amyloplast) ( 19) .
Lighter and heavier membranous fractions obtained after freeze-thawing of intact chloroplasts in a hypertonic medium followed by sucrose density gradient centrifugation have been characterized as the outer and inner chloroplast envelope membrane, respectively, and it was shown that the Mg2+-ATPase is located specifically in the inner membrane-enriched fraction (18) . We have attempted to isolate and identify the inner and outer membranes from amyloplast envelopes (Fig. 2) to determine the location of the Mg2+-ATPase using essentially the same methods employed by previous investigators (3, 5, 12, 18, 21) for separating the individual chloroplast envelope membranes. After sucrose density gradient centrifugation, two yellow bands were observed at densities of 1.08 and 1.12 g/mL (Fig. 2) . The heavy membrane fraction was shown to specifically contain the Mg2+-ATPase.
The structure of the active-site domains in nucleotide-binding proteins can be studied by (photo)affinity-labeling techniques using nucleotide analogues, and for this purpose a series of PLP derivatives appears to be extremely useful (24, 30, 31) . For example, Escherichia coli F1-ATPase has been reported to be strongly inhibited by AP3-PL, whereas AP2-PL and PLP are weak inhibitors (24) . Other enzymes having nucleotide-binding sites, including lactate dehydrogenase and adenylate kinase, have also been reported (30, 31) to be more effectively inhibited by AP2-PL than by either the tri-or tetraphosphopyridoxals. Notably, Tagaya and Fukui (30) have shown that modification of the target enzyme lactate dehydrogenase by these compounds is highly specific for an active-site lysyl residue in this protein. On the other hand, the parent compound PLP reacts not only with this critical lysyl residue but also with other such residues in the enzyme. In the present study, we have found that the Mg2+-ATPase of the amyloplast inner envelope membrane is inhibited by adenosine polyphosphopyridoxals in a manner similar to that of the FI-ATPase (24) , perhaps suggesting an analogous structure of the ATP-binding domain in the two different types of ATPases. Recently, the Mg2+/Mn2-dependent ATPase of the chloroplast inner-envelope membrane has received attention in relation to protein transport into the organelle (6); although, Pain and Blobel (25) have reported that import of protein into the chloroplast stroma requires a hitherto uncharacterized chloroplast envelope ATPase. Recently, Strzalka et al. (29) observed that exogenous chloroplast precursor proteins such as the presmall subunit of ribulose 1,5-bisphosphate carboxylase/oxygenase and the pre-33-kD polypeptide of the PSII 02-evolving complex can be taken up by isolated intact amyloplasts and processed by a stromal protease(s). Since several photosynthesis genes in the sycamore amyloplast have been shown to be inactive (19) , it is possible that many of the amyloplast proteins have to be synthesized in the cytoplasm and eventually transported into the organelle. However, we have been unable to detect Mg2+-ATPase activity in the stromal fraction of the amyloplast (Table IV) . Possibly the Mg2+-ATPase in the chloroplast and amyloplast inner-envelope membranes might be involved in protein transport into these distinct plastid-types.
In conclusion, the amyloplast inner-envelope Mg2+-ATPase is basically similar to that of the chloroplast inner-envelope membrane. Based on its relative reactivities with nucleotide polyphosphopyridoxals, the ATP-binding site domain appears similar to those of other types of ATPases, including FI-ATPase and Ca2t-ATPase (M Tagaya, personal communication). The purification of the amyloplast envelope enzyme and elucidation of its subunit structure and function(s) await future investigations.
